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(57) Abstract: This invention 
provides an assembly of novel 
nanotube devices that can 
be employed in a variety of 
applications. In particular, 
the nanotube devices of the 
present invention provide a new 
class of versatile chemical and 
biological sensors. The present 
invention describes methods for 
growing individual nanotubes 
in a controlled fashion and for 
manipulating and integrating the 
nanotubes into functional devices. 
It further provides methods for 
modifying the nanotubes such 
that their sensitivity to a wide 
range of chemical and biological 
species can be achieved. 
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PATENT APPLICATION 



CARBON NANOTUBE DEVICES 



10 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a divisional /continuation-in-part of 
copending patent application 09/133,948 filed 8/14/98, which is 
herein incorporated by reference. This application is based on 
Provisional application 60/171,200 filed 12/15/99, which is 

15 herein incorporated by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
This invention was supported in part by grant number N00014-99- 
20 1-0495 from the Office of Naval Research. The Government has 
certain rights in the invention. 

FIELD OF THE INVENTION 
This invention relates generally to nanotube devices. More 
25 particularly, it relates to a new class of nanotube chemical 
and biological sensors . 

BACKGROUND ART 
Sensing chemical and biological species plays an important role 
30 in many industrial, agricultural, medical, and environmental 
processes. Detection of N0 2 gas, for example, provides a 
crucial measure of environmental pollution due to combustion or 
automotive emissions. The amount of NH 3 also needs to be 
closely monitored in industrial, medical and living 
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environments. Moreover, there is a growing need to detect 
biological species in a variety of biomedical applications. 

Chemical sensors in the prior art commonly employ solid state 
5 materials, such as semiconducting metal oxides, as sensing 
agents. The sensing is achieved by detecting change in 
electrical resistance of the sensor resulted from adsorption of 
foreign chemical species onto the sensing material. In order 
to achieve significant sensitivity, however, sensors of this 
10 type must operate at elevated temperatures so to enhance 
chemical reactivity. Other drawbacks of these prior art 
sensors include long recovery times (if not rendering 
irreversibility) , poor reproducibility, and very limited range 
of chemical species each sensor is able to detect. 

in view of the above, there is a need in the art for sensing 
devices that provide not only significant and robust, but more 
advantageously, tunable response to a variety of chemical and 
biological species. 

OBJECTS AND ADVANTAGES OF THE INVENTION 
Accordingly, it is a principle object of the present invention 
to provide an assembly of novel and versatile nanotube devices 
that can be employed in a variety of applications. In 
25 particular, these nanotube devices provide a new class of 
chemical and biological sensors. It is another object of this 
invention to provide methods for growing individually separable 
nanotubes in a controlled fashion. It is a further object of 
this invention to provide methods for manipulating and 
30 integrating the nanotubes into functional devices. It is an 
additional object of this invention to provide methods for 
modifying the nanotubes so as to tune their sensitivity to a 
variety of molecular species. 
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A primary advantage of the present invention is that it 
provides a new class of electrical, mechanical, and 
electrochemical nanotube devices that can be individually 
tailored to a wide range of applications. Another unique 
feature of the present invention is manifest in that these 
novel nanotube devices demonstrate significant and robust 
response, and more significantly, tunable selectivity to 
chemical or biological species in their environments. 

These and other objects and advantages of the present invention 
will become more evident after consideration of the ensuing 
description and the accompanying drawings. 

SUMMARY OF THE INVENTION 
The present invention includes a device comprising a substrate 
and two catalyst islands disposed on the substrate. Each 
catalyst island is capable of growing nanotubes when exposed to 
a hydrocarbon gas at elevated temperatures. At least one 
nanotube forms between, with its two ends rooted in, the two 
opposing islands. Metal electrodes are then placed to fully 
cover the catalyst islands and the two ends of the bridging 
nanotube, providing means for measuring electrical response of 
the nanotube. 

The substrate is typically made of doped silicon with a layer 
of native oxide. The catalyst comprises Fe 2 0 3 and alumina 
nanoparticles. The catalytic island is typically about 3 - 5 
microns in size. The nanotube is generally a single-walled 
carbon nanotube that can be semiconducting, or metallic. The 
metal electrodes typically comprise an alloy of nickel-gold, or 
titanium-gold. 

The nanotube thus produced can be further modified by coating, 
or decorating, it with one or more sensing agents, such as 
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metal particles, polymers, and biological species, which impart 
sensitivity to a particular molecular species. 

The selectivity of the nanotube to chemical species can also be 
tuned physically, for example, by applying a gating voltage to 
a nanotube. The gating voltage effectively shifts the Fermi 
energy level of the nanotube, giving rise to change in 
electrical conductivity of the nanotube upon adsorption of 
foreign chemical species. 

The present invention also includes a device comprising a 
substrate covered with a layer of catalyst material. The 
catalyst enables the growth of nanotubes when exposed to a 
hydrocarbon gas at elevated temperatures, yielding a film of 
interconnected nanotubes disposed on the substrate.' Two metal 
electrodes are then deposited onto the two opposing sides of 
the film, separated by a gap devoid of any metal. Such a 
nanotube film device can be easily produced in a scaled-up 
fashion with low cost. 

The substrate in the above nanotube film device is typically 
made of quartz. The catalyst comprises Fe 2 0 3 and alumina 
nanoparticles. The nanotubes are generally single-walled 
carbon nanotubes that are semiconducting, or metallic. The 
metal electrodes typically comprise an alloy of nickel-gold, or 
titanium-gold. 

The nanotube film may further be modified by coating, or 
decorating, it with one or more sensing agents, so as to impart 
sensitivity to a particular species in its environment. The 
sensing agents include metal particles, polymers, and 
biological species. 
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The nanotube devices of the present invention demonstrate high 
sensitivity, robust response, and a tunable selectivity to a 
wide range of molecular species. They operate in gaseous and 
liquid environments. 

5 

The novel features of the present invention will be best 
understood from the following drawings and detailed 
description . 

10 BRIEF DESCRIPTION OF THE FIGURES 

FIGS. 1A-1C depict a method for synthesizing individually 
distinct nanotubes on a substrate according to an 
embodiment of the present invention; 
FIG. 2 illustrates an exemplary embodiment of a nanotube device 
15 comprising a single nanotube according to the present 

invention . 

FIGS. 3A-3B show a method for making a nanotube film device 

according another embodiment of the present invention; 
FIG. 4 displays electrical response of a single nanotube device 
20 to N0 2 and NH 3 , respectively; 

FIG. 5 shows electrical response of a gold-decorated single 

nanotube device to thiol vapor; 
FIG. 6 displays electrical responses of an as-grown nanotube 
film device and a PMMA-coated nanotube film device to N0 2 
25 gas; 

FIGS. 7A-7B show electrical response of a gold-decorated 
nanotube film device to thiol vapor and the detection of 
avidin using a thiol-coated-gold-decorated nanotube film 
device; and 

30 FIG. 8 displays the detection of H 2 using a platinum-modified 
nanotube film device. 
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DETAILED DESCRIPTION OF THE INVENTION 
FIGS. 1A-1C illustrate a method for synthesizing individually 
distinct nanotubes on a silicon substrate that is patterned 
with catalyst islands according to a first embodiment of the 
present invention. The principle procedures of the method have 
been reported in the art by the inventors (Nature- 395, 87 8 
(1998)), incorporated herein by reference. First, a layer of 
resist 10 is disposed and patterned on a top surface of a 
substrate 11, as illustrated in FIG. 1A. The substrate 11 is 
made of doped silicon with a layer of native oxide. Patterning 
on the resist 10 is typically performed by electron-beam 
lithography, producing holes 12 that expose the underlying 
substrate 11. The holes 12 are typically 5 microns in size, 
spaced at a distance of 10 microns apart. Next, a few drops of 
a catalyst material are placed on the surface of the substrate 
11, filling the holes 12. The catalyst preparation includes 
mixing 15 mg of alumina nanoparticles , 0.05 mmol of 
Fe(N0 3 ) 3 9H 2 0, and 0.015 mmol of Mo0 2 (acac) 2 in 15 ml of methanol. 
After the solvent (i.e., methanol) dries, the remaining resist 
is lifted off, revealing an array of isolated catalyst islands 
13 on the substrate 11, as shown in FIG. IB. The catalyst- 
patterned substrate is then heated in a tube furnace to above 
900 'C while exposed to a flow of methane. Heating decomposes 
Fe(N0 3 ) 3 to Fe 2 0 3 . The Fe 2 0 3 /nanoparticles mixture is capable of 
catalyzing the growth of carbon nanotubes when exposed to 
methane gas at elevated temperatures. The carbon nanotubes 
thus grown are predominantly individually distinct, single- 
walled nanotubes with few structural defects. FIG. 1C shows 
these nanotubes 14 emanated from the catalyst islands 13 on the 
substrate 11. They are found to be substantially straight, 
typically extending up to more than 10 microns in length with 
diameters ranging from 1-3 nanometers. Moreover, a number of 
the nanotubes are bridging adjacent islands. A nanotube bridge 
forms when a tube growing from one catalyst island falls on and 
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interacts with another island during the synthesis process as 
described. 

In general, the substrate can be made of a material selected 
5 from a group consisting of silicon, alumina, quartz, silica and 
silicon nitride. The catalyst islands comprise a material 
selected from a group including iron, molybdenum, cobalt, 
nickel, ruthenium, zinc and oxides thereof. The nanotubes can 
be semiconducting, or metallic. 

10 

In addition to carbon, nanotubes made of other materials (e.g., 
silicon) can also be grown by following a synthesis process 
similar to what is described above. Those skilled in the art 
will be able to implement the corresponding synthesis 
15 procedures. 

The nanotube chip thus produced can be incorporated . into a 
variety of electronic and mechanical devices. A device 
comprising a single nanotube can also be readily made. Using 

20 an AFM (atomic force microscopy) tip, the nanotubes bridging 
two catalyst islands are cut mechanically or electrically until 
a single tube remains. Electron-beam lithography is then 
employed to deposit metal electrodes onto the two catalyst 
islands bridged by the nanotube. The electrodes are typically 

25 made of an alloy of nickel-gold, or titanium-gold. For example, 
they can be 2 0 nanometers of nickel with 60 nanometers gold on 
top. These electrodes provide electrical connections between 
the nanotube and macroscopic electronic circuits. FIG. 2 shows 
an exemplary embodiment of a nanotube device comprising a 

30 single nanotube 20 disposed between two catalyst islands 21 on 
a substrate 22. Two metal electrodes 23 are made to fully 
cover respective catalyst islands 21, including the two ends 24 
of the bridging nanotube 20. 
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FIGS. 3A-3B show a method for synthesizing a film of nanotubes 
on a substrate that is initially covered with a layer of 
catalyst according to a second embodiment of the present 
invention. First, a quartz substrate 3 0 is coated with a layer 
5 of catalyst 31 by spin-coating, as shown in FIG. 3A . The 
catalyst is typically prepared by mixing 15 mg of alumina 
nanoparticles, 0.05 mmol of Fe (N0 3 ) 3 9H 2 0, and 0.015 mmol of 
Mo0 2 (acac) 2 in 15 mi of methanol. The catalyst-covered 
substrate is then heated to above 900 'C in a flow of methane, 

10 yielding a film of interconnected single-walled carbon 
nanotubes 32 on the substrate, as shown in FIG. 3B. Two metal 
electrodes 33, each comprising 20 nanometers of titanium 
followed by 60 nanometer of gold, are then evaporated onto the 
nanotube film through a shadow mask, such that there is a 

15 metal-free gap forming between the two electrodes 33. Such a 
nanotube film device can be easily produced in a scaled-up 
fashion with low cost. 

The substrate in FIGS. 3A-3B is typically made of a material 
20 selected from a group consisting of silicon, alumina, quartz, 
silica and silicon nitride. The catalyst islands comprise a 
material selected from a group including iron, molybdenum, 
cobalt, nickel, ruthenium, zinc and oxides thereof. The 
nanotubes can be semiconducting, or metallic. The electrodes is 
25 typically made of an alloy of nickel-gold, or titanium-gold. 

The nanotube devices described above can be further physically 
or chemically modified, so as to be tailored for a particular 
application. A semiconducting or metallic carbon nanotube 
30 exhibits inherent change in electrical conductance when exposed 
to certain chemical gases, resulted from adsorption of the gas 
particles on the nanotube. More significantly, by depositing 
one or more sensing agents onto the nanotube, its sensitivity 
to a wide range of chemical and biological species can be 
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achieved. The selectivity of the nanotube to chemical species 
can be also tuned by applying a gating voltage to the nanotube. 
The gating voltage effectively shifts the Fermi energy level of 
the nanotube, enabling the nanotube to be more responsive to a 
5 particular species. The embodiments described hereinafter 
demonstrate the functionality and versatility of the novel 
nanotube devices of the present invention. 

FIG. 4 displays electrical responses of a device comprising a 
10 semiconducting single-walled carbon nanotube to various amounts 
of N0 2 and NH 3 gas, respectively. The gas sensing is carried 
out by enclosing the device in a glass flask. The flask is 
equipped with electrical feedthrough that makes electrical 
connections between the device and the electrical measurement 
15 circuits on the outside. It also permits a flow of gas. A 
carrier gas (e.g., Ar or air), diluted with N0 2 or NH 3 , then 
flows through the flask, while the electrical response of the 
nanotube is recorded. The device displays fast and significant 
response to the arrival of N0 2 and NH 3 , respectively. Moreover, 
20 after each gas sensing measurement, the electrical 
characteristics of the nanotube is able to fully recover in a 
flow of pure carrier gas over a period of several hours. 

FIG. 5 shows electrical response of a gold-decorated single 
25 nanotube to thiol vapor. Gold is deposited on the nanotube by 
evaporation. Since it does not wet carbon, the evaporated gold 
particles decorate, rather than forming a continuous layer on 
the nanotube. The observed response to thiol results from the 
presence of the gold particles in this case, since the carbon 
30 nanotube alone does not respond to thiol. Given that many 
biological molecules like to link themselves onto thiol, by 
attaching a layer of thiol to a gold-decorated nanotube, this 
composite system promises to be a versatile biological sensor. 
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FIG. 6 shows electrical responses of an as-grown nanotube film 
(mat) device and a PMMA (polymethylmethacrylate) -covered 
nanotube film (mat) device to N0 2 gas. The PMMA coating in the 
later case is typically about 100 nanometers thick, and its 
5 presence significantly improves the sensitivity and the 
response time of the nanotube device to N0 2 . 

FIG. 7A displays electrical response of a gold-decorated 
nanotube film device to thiol vapor, and FIG. 7B shows the 

10 detection of avidin (a protein) using a thiol-coated-gold- 
decorated film device. In this case, gold particles are first 
evaporated onto the nanotube film, followed by attaching a 
monolayer of thiol with carboxylic functional group to the gold 
particles. The presence of . thiol modifies the electrical 

15 conductance of the nanotube device. When exposed to avidin, 
the carboxylic groups of the thiol molecules like to be linked 
to avidin molecules via carbodimide chemistry, giving rise to 
further change in electrical conductance of the nanotube film 
device. Note that in this case, the nanotube device operates 

20 in a liquid environment. 

FIG. 8 shows the detection of H 2 using a platinum-modified 
nanotube film device. Platinum particles are deposited onto and 
decorate the nanotubes film. It is their presence that enables 
25 the device to respond to H 2 molecules. 

Moreover, by attaching an enzyme to a nanotube or a nanotube 
film, the corresponding enzyme-coated nanotube device displays 
changes in its electrical conductance when exposed to glucose, 
30 and other biological species. This would have important 
implications in medicine. Sensing CO has also been achieved by 
using modified nanotube devices. 
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In additional to the sensing agents described above, other 
metal particles (e.g., nickel, rhodium, palladium, D 2 ) , 
polymers, and biological species can be used as sensing agents 
tc modify the sensitivity of nanotubes to chemical and 
5 biological species. 

Clearly, the capabilities of the nanotube devices of the 
present invention as chemical and biological sensors are not 
merely limited to the exemplary embodiments described above. 
10 Furthermore, the nanotube devices of the present invention can 
be utilized as electrochemical, electromechanical and other 
functional devices. 

It is also apparent to those skilled in the art that the above 
15 embodiments of the present invention are illustrative in 
purpose and are in no way limiting the scope of the invention. 
Many alternations and improvements can be introduced to the 
above-described embodiments without going beyond the scope of 
the invention. Thus, the scope of the present invention should 
20 be determined, not by examples given, but by the appended 
claims and their legal equivalents. 
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CLAIMS 

What is claimed is: 

1 1 . A nanotube device comprising at least one nanotube, 

2 wherein a first end of said nanotube is in electrical 

3 contact with a first conducting element and a second end 

4 of said nanotube is in electrical contact with a second 

5 conducting element. 
6 

1 2. The nanotube device of claim 1 wherein said nanotube is 

2 a carbon nanotube 
3 

1 3 . The nanotube device of claim 2 wherein said nanotube 

2 is a single-walled nanotube. 
3 

1 4. The nanotube device of claim 1 wherein said nanotube is 

2 a silicon nanotube 
3 

1 5. The nanotube device of claim 1 wherein said nanotube is 

2 semiconducting. 
3 

1 6. The nanotube device of claim 1 wherein said nanotube is 

2 metallic. 
3 

1 7. The nanotube device of claim 1 wherein said nanotude is 

2 disposed on a surface. 
3 

1 8 . The nanotube device of claim 7 wherein said surface 

2 is a top surface of a substrate comprising a material 

3 selected from a group consisting of silicon, 

4 alumina, quartz, silica and silicon nitride. 
5 
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1 9 . The nanotube device of claim 8 wherein said 

2 substrate comprises doped silicon covered with a 

3 layer of native oxide. 
4 

1 10. The nanotube device of claim 1 wherein at least one of 

2 said conducting elements comprises a catalyst island 

3 covered by a metal electrode, and wherein at least one 

4 of said ends of said nanotube is rooted in said 

5 catalyst island and covered by said metal electrode. 
6 

1 11. The nanotube device of claim 10 wherein said catalyst 

2 island comprises a material selected from a group 

3 consisting of iron, molybdenum, cobalt, nickel, 

4 ruthenium, zinc and oxides thereof. 
5 

1 12. The nanotube device of claim 10 wherein said catalyst 

2 island comprises Fe 2 0 3 and alumina nanoparticles . 

3 

1 13. The nanotube device of claim 10 wherein said catalyst 

2 island is typically in the range of 3 - 5 microns in 

3 size. 
4 

1 14. The nanotube device of claim 10 wherein said metal 

2 electrode comprises an alloy of nickel-gold. 
3 

1 15. The nanotube device of claim 10 wherein said metal 

2 electrode comprises an alloy of titanium-gold. 
3 

1 16. The nanotube device of claim 1 wherein at least one of 

2 said conducting elements comprises a metal pad covering 

3 at least one of said ends of said nanotube. 
4 

1 17. The nanotube device of claim 16 wherein said metal 

2 pad comprises a material selected from the group 
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3 consisting of titanium, gold, aluminum, chromium, and 

4 platinum. 
5 

1 18. The nanotube device of claim 1 further comprises one or 

2 more sensing agents attached to said nanotube. 
3 

1 19. A nanotube apparatus comprising: 

2 a) a nanotube film, having a first side and a 'second 

3 side; and 

4 b) two metal electrodes placed on said first side and 

5 said second side of said nanotube film. 
6 

1 20. The nanotube apparatus of claim. 19 wherein said nanotube 

2 film comprises interconnected carbon nanotubes. 
3 

1 21. The nanotube apparatus of claim 20 wherein said. 

2 nanotube film comprises interconnected single-walled 

3 nanotubes . 
4 

1 22. The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises interconnected silicon nanotubes. 
3 

1 23. The nanotube apparatus of claim 19 wherein said nanotube 

.2 film comprises semiconducting nanotubes. 
3 

1 24. The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises metallic nanotubes. 
3 

1 25. The nanotube apparatus of claim 19 wherein said nanotube 

2 film is disposed on a top surface of a substrate. 
3 

1 26. The nanotube apparatus of claim 25 wherein said 

2 substrate comprises a material selected from a group 

14 
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3 consisting of silicon, alumina, quartz, silica and 

4 silicon nitride. 
5 

1 27. The nanotube apparatus of claim 26 wherein said 

2 substrate further comprises a catalyst layer on 

3 its top surface. 
4 

1 28. The nanotube apparatus of claim 2 7 wherein said 

2 . catalyst layer comprises a material selected 

3 from a group consisting of iron, molybdenum, 

4 cobalt, nickel, ruthenium, zinc and oxides 

5 thereof . 

6 

1 • 29. The nanotube apparatus of claim 27 wherein said 

2 catalyst layer comprises Fe 2 0 3 and alumina 

3 nanoparticles . 
4 

1 3 0. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes comprise an alloy of nickel-gold. 
3 

1 31. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes comprise an alloy of titantium-gold. 
3 

1 32. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes are typically about 1 - 100 microns apart. 
3 

1 3 3. The nanotube apparatus of claim 19 further comprises 

2 one or more sensing agents attached to said nanotube 

3 film. 
4 

1 34. A molecular sensor comprising: 

2 a) a nanotube device comprising at least one carbon 

3 nanotube, wherein a first end of said nanotube is in 

4 electrical contact with a first conducting element 
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5 and a second end of said nanotube is in electrical 

6 contact with a second conducting element; and 

7 b) a coating of one or more sensing agents deposited on 

8 said nanotube; 

9 wherein said sensing agents are so chosen such that the 

10 agents-coated nanotube responds to a particular molecular 

11 species. 
12 

1 35. The molecular sensor of claim 34 wherein said one or 

2 more sensing agents comprise one or more materials 

3 selected from the group consisting of metal .particles, 

4 polymers, and biological species. 
5 

1 36. The molecular sensor of claim 35 wherein said group 

2 includes gold, platinum, nickel, rhodium, palladium, 

3 Ti0 2 , thiol, and enzymes. 
4 

1 37. The molecular sensor of claim 34 wherein said nanotube 

2 is semiconducting. 
3 

1 38. The molecular sensor of claim 37 further comprising a 

2 voltage source applying a gating voltage to said 

3 nanotube, wherein said gating voltage is so chosen 

4 such that said nanotube biased with said gating 

5 voltage responds to a particular molecular species. 
6 

1 39. The molecular sensor of claim 38 wherein said 

2 gating voltage is typically in the range of -20 to 

3 20 Volts. 
4 

1 40. A method of making a device comprising at least one carbon 

2 nanotube, comprising the steps of: 

3 a) disposing a layer of resist on a top surface of a 

4 substrate; 
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5 b) patterning said resist with holes that expose the 

6 underlying substrate; 

7 c) filling said holes with a catalyst material; 

8 d) removing a remainder of said resist, whereby an array 

9 of catalyst islands are disposed on said substrate; 
10 e) exposing said catalyst islands to a hydrocarbon gas 
±1 at an elevated temperature, such that individual 

12 carbon nanotubes emanate from said catalyst islands 

13 and a number of said nanotubes bridge adjacent 

14 catalyst islands; 

15 f)- breaking all but one nanotube bridging two of said 

16 adjacent catalyst islands; and 

17 g ) depositing metal electrodes onto said two of said 

18 adjacent catalyst islands, such that said metal 

19 electrodes fully cover said two of said adjacent 

20 catalyst islands and further extend over first and 

21 second ends of said one nanotube that are rooted in 

22 said two of said adjacent catalyst islands. 
23 

1 41. The method of claim 40 wherein said substrate comprises 

2 a material selected from a group consisting of silicon, 

3 alumina, quartz, silica and silicon nitride. 
4 

1 42. The method of claim 40 wherein said catalyst islands 

2 comprise a material selected from a group consisting of 

3 iron, molybdenum, cobalt, nickel, ruthenium, zinc and 

4 oxides thereof. 
5 

1 43. The method of claim 40 wherein said catalyst islands 

2 comprises Fe 2 0 3 and alumina nanoparticles . 
3 

1 44. The method of claim 40 wherein said catalyst islands 

2 are typically in the range of 3-5 microns in size. 
3 

17 



WO 01/44796 



PCT/US00/42186 



45. The method of claim 40 wherein said catalyst islands 
are typically about 10 microns apart. 

46. The method of claim 40 wherein said metal electrodes 
comprise an alloy of nickel-gold. 

47. The method of claim 40 wherein said metal electrodes 
comprise an alloy of titanium-gold. 

48. The method of claim 40 wherein said hydrocarbon gas 
contains methane. 

49. The method of claim 40 wherein said elevated 

temperature is above 900 *C. 

50. The method of claim 40 wherein said nanotube is a 
single-walled carbon nanotube. 

51. The method of claim 40 wherein said nanotube is 
typically up to 3 nanometers in diameter. 

52. The method of claim 40 wherein said nanotube is 
typically up tens of microns in length. 

53. The method of claim 40 wherein said nanotube is 
semiconducting . 

54. The method of claim 40 further comprising applying a 
gating voltage to said nanotube, such that said 
nanotube biased with said gating voltage responds to a 
particular molecular species. 

55. The method of claim 55 wherein said gating voltage is 
typically in the range of -2 0 to 20 Volts. 

18 
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3 

1 56. The method of claim 40 wherein said nanotube is 

2 metallic. 

3 

1 57. The method of claim 40 further comprising coating said 

2 nanotube with one or more sensing agents, such that the 

3 agents-coated nanotube responds to a particular 

4 molecular species. 
5 

1 58. The method of claim 57 wherein said one or more 

2 sensing agents comprise one or more material's 

3 selected from the group consisting of metal 

4 particles, polymers, and biological species. 
5 

1 59. The method of claim 58 wherein said group includes 

2 gold, platium, nickel, rhodium, palladium, Ti0 2/ 

3 thiol, and enzymes. 
4 

1 6 0. A method for making an apparatus comprising a carbon 

2 nanotube film, comprising the steps of: 

3 a) coating a top surface of a substrate with a catalyst 

4 layer; 

5 b ) exposing said catalyst-coated substrate to a 

6 hydrocarbon gas at an elevated temperature, such that 

7 a nanotube film comprising interconnected carbon 

8 nano tubes is formed; and 

9 c) deposing two metal electrodes on a first side and a 
10 second side of said nanotube film. 

11 

1 61.. The method of claim 60 wherein said substrate comprises 

2 a material selected from a group consisting of silicon, 

3 alumina, quartz, silica and silicon nitride. 
4 
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62. The method of claim 60 wherein said catalyst layer 
comprises a material selected from a group consisting 
of iron, molybdenum, cobalt, nickel, ruthenium, zinc 
and oxides thereof. 

63/ The method of claim- 60 wherein said catalyst layer 
comprises Fe 2 0 3 and alumina nanoparticles . 

64. The method of claim 60 wherein said metal electrodes 
comprise an alloy of nickel-gold. 

65. The method of claim 60 wherein said metal electrodes 
comprise an alloy of titanium-gold. 

66. The method of claim 60 wherein said metal electrodes 
are typically about 1 - 100 microns apart. 

67. The method of claim 60 wherein said hydrocarbon gas 
contains methane. 

6 8. The method of claim 60 wherein said elevated 
temperature is above 900 "C. 

69. The method of claim 60 wherein said nanotube film 
comprises interconnected single -walled carbon 
nano tubes . 

70. The method of claim 60 wherein said nanotube film 
comprises semiconducting nanotubes. 

71. The method of claim 60 wherein said nanotube film 
comprises metallic nanotubes. 
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1 72. The method of claim 60 further comprising coating said 

2 nanotube film with one or more sensing agents, such 

3 that the agents-coated nanotube film responds to a 

4 particular molecular species. 

1 73. The method of claim 72 wherein said one or more 

2 sensing agents comprise one or more materials 

3 selected from the group consisting of metal 

4 particles, polymers, and biological species. 
5 

1 74. The method of claim 73 wherein said group includes 

2 gold, platinum, nickel, rhodium, palladium, Ti0 2 , 

3 thiol, and enzymes . 
4 

1 75. A sensing method comprising the steps of: 

2 a) disposing a molecular sensor comprising at least one 

3 carbon nanotube inside an enclosure, wherein a first 

4 end of said nanotube is in electrical contact with a 

5 first conducting element and a second end of said 

6 nanotube is in electrical contact with a second 

7 conducting element; j 

8 b) connecting said first and second conducting elements 

9 to an electrical measurement circuit; and 

10 c) introducing a molecular species to said enclosure, 

11 while monitoring an electrical response of said 

12 molecular sensor. 
13 

1 76. The sensing method of claim 75 wherein said molecular 

2 species comprises a gas. 
3 

1 77. The sensing method of claim 75 wherein said molecular 

2 species comprises a liquid. 
3 
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1 78. The sensing method of 75 wherein said nanotube is 

2 deposited with one or more sensing agents so to enable 

3 said nanotube to respond to said molecular species. 
4 

1 79. The sensing method of 75 wherein said nanotube is 

2 semiconducting, and wherein said nanotube is biased 

3 with a gating voltage so to enable said nanotube to 

4 respond to said molecular species. 
5 
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CARBON NANOTtJBE DEVXCiiiS 



10 CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a divisional/continuation-in-part of 
copending patent application 09/133,948 filed 8/14/98, which is 
herein incorporated by reference. This application is based on 
Provisional application .60/171,200 filed 12/15/99, which is 

15 herein incorporated by reference. 

STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH OR DEVELOPMENT 
This invention was supported in part by grant number N00014-99- 
20 1-0495 from the Office of Naval Research. The Government has 
certain rights in the invention. 

FIELD OF THE INVENTION 
This invention relates generally to nanotube devices. More 
25 particularly, it relates to a new class of nanotube chemical 
and biological sensors. 

BACKGROUND ART 
Sensing chemical and biological species plays an important role 
30 in many industrial, agricultural, medical, and environmental 
processes. Detection of N0 2 gas, for example, provides a 
crucial measure of environmental pollution due to combustion or 
automotive emissions. The amount of NH 3 also needs to be 
closely monitored in industrial, medical and living 
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environments. Moreover, there is a growing need to detect 
biological species in a variety of biomedical applications. 

Chemical sensors in the prior art commonly employ solid state 
5 materials, such as semiconducting metal oxides, as sensing 
agents. The sensing is achieved by detecting change in 
electrical resistance of the sensor 'resulted from adsorption of 
foreign chemical species onto the sensing material. In order 
to achieve significant sensitivity, however, sensors of this 
10 type must operate at elevated temperatures so to enhance 
chemical reactivity. Other drawbacks of these prior art 
sensors include long recovery times (if not rendering 
irreversibility) , poor reproducibility, and very limited range 
of chemical species each sensor is able to detect. 

15 

In view of the above, there is a need in the art for sensing 
devices that provide not only significant and robust, but more 
advantageously, tunable response to a variety of chemical and 
biological species . 

20 

OBJECTS AND ADVANTAGES OF THE INVENTION 
Accordingly, it is a principle object of the present invention 
to provide an assembly of novel and versatile nanotube devices 
that can be employed in a variety of applications. In 

25 particular, these nanotube devices provide a new class of 
chemical and biological sensors. It is another object of this 
invention to provide methods for growing individually separable 
nanotubes in a controlled fashion. It is a further object of 
this invention to provide methods for manipulating and 

30 integrating the nanotubes into functional devices. It is an 
additional object of this invention to provide methods for 
modifying the nanotubes so as to tune their sensitivity to a 
variety of molecular species. 

2 
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A primary advantage of the present invention is that it 
provides a new class of electrical, mechanical, and 
electrochemical nanotube devices that can be individually 
tailored to a wide range of applications. Another unique 
5 feature of the present invention is manifest in that these 
novel nanotube devices demonstrate significant and robust 
response, and more significantly, tunable selectivity to 
chemical or biological species in their environments, 

10 These and other objects and advantages of the present invention 
will become more evident after consideration of the ensuing 
description and the accompanying drawings. 

SUMMARY OF THE INVENTION 

15 The present invention includes a device comprising a substrate 
and two catalyst islands disposed on the. substrate. Each 
catalyst island is capable of growing nanotubes when exposed to 
a hydrocarbon gas at elevated temperatures. At least one 
nanotube forms between, with its two ends rooted in, the two 

20 opposing islands. Metal electrodes are then placed to fully 
cover the catalyst islands and the two ends of . the bridging 
nanotube, providing means for measuring electrical response of 
the nanotube . 

25 The substrate is typically made of doped silicon with a layer 
of native oxide. The catalyst comprises Fe 2 0 3 and alumina 
nanoparticles . The catalytic island is typically about 3-5 
microns in size. The nanotube is generally a single-walled 
carbon nanotube that can be semiconducting, or metallic. The 

30 metal electrodes typically comprise an alloy of nickel-gold, or 
t i t anium- go 1 d . 

The nanotube thus produced can be further modified by coating, 
or decorating, it with one or more sensing agents, such as 

3 
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10 



metal particles, polymers, and biological species, which impart 
sensitivity to a particular molecular species. 

The selectivity of the nanotube to chemical species can also be 
tuned physically, for example, by applying a gating voltage to 
a nanotube. The gating voltage effectively shifts the Fermi 
energy level of the nanotube, giving rise to change in 
electrical conductivity of the nanotube upon adsorption of 
foreign chemical species. 



The present invention also includes a device comprising a 
substrate covered with a layer of catalyst material. The 
catalyst enables the growth of nanotubes when exposed to a 
hydrocarbon gas at elevated temperatures, yielding a film of 
15 interconnected nanotubes disposed on the substrate. Two metal 
electrodes are then deposited onto the two opposing sides of 
the film, separated by a gap devoid of any metal. Such a 
nanotube film device can be easily produced in a scaled-up 
fashion with low cost. 

20 

The substrate in the above nanotube film device is typically 
made of quartz. The catalyst comprises Fe 2 0 3 and alumina 
nanoparticles . The nanotubes are generally single-walled 
carbon nanotubes that are semiconducting, or metallic. The 
25 metal electrodes typically comprise an alloy of nickel-gold, or 
titanium- go Id . 

The nanotube film may further be modified by coating, or 
decorating, it with one or more sensing agents, so as to impart 
30 sensitivity to a particular species in its environment. The 
sensing agents include metal particles, polymers, and 
biological species. 



4 
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The nanotube devices of the present invention demonstrate high 
sensitivity, robust response, and a tunable selectivity to a 
wide range of molecular species.- They operate in gaseous and 
liquid environments . 

5 

The novel features of the present invention will be best 
understood from the following drawings and detailed 
description. 

10 BRIEF DESCRIPTION OF THE FIGURES 

FIGS. 1A-1C depict a method for synthesizing individually 
distinct nanotubes on a substrate according to an 
embodiment of the present invention; 
FIG. 2 illustrates an exemplary embodiment of a nanotube device 
15 comprising a single nanotube according to the present 

invention. 

FIGS. 3A-3B show a method for making a nanotube film device 

according another embodiment of the present invention; 
FIG. 4 displays electrical response of a single nanotube device 
20 to N0 2 and NH 3 , respectively; 

FIG. 5 shows electrical response of a gold-decorated single 

nanotube device to thiol vapor; 
FIG. 6 displays electrical responses of an as-grown nanotube 
film device and a PMMA-coated nanotube film device to N0 2 
25 gas; 

FIGS. 7A-7B show electrical response of a gold-decorated 
nanotube film device to thiol vapor and the detection of 
avidin using a thiol-coated-gold-decorated nanotube film 
device; and 

30 FIG. 8 displays the detection of H 2 using a platinum-modified 
nanotube film device. 
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DETAILED DESCRIPTION OF THE INVENTION 
FIGS. 1A-1C illustrate a method for synthesizing individually 
distinct nanotubes on a silicon substrate that is patterned 
with catalyst islands according to a first embodiment of the 
5 present invention. The principle procedures of the method have 
been reported in the art by the inventors (Nature 3 9 5, 87 8 
(1998)), incorporated herein by reference. First, a layer of 
resist 10 is disposed and patterned on a top surface of a 
substrate 11, as illustrated in FIG. 1A. The substrate 11 is 

10 made of doped silicon with a layer of native oxide. Patterning 
on the resist 10 is typically performed by electron-beam 
lithography, producing holes 12 that expose the underlying 
substrate 11. The holes 12 are typically 5 microns in size, 
spaced at a distance of 10 microns apart. Next, a few drops of 

15 a catalyst material are placed on the surface of the substrate 
11, filling the holes 12. The catalyst preparation includes 
mixing 15 mg of alumina nanoparticles , 0.05 mmol of 
Fe(N0 3 ) 3 9H 2 0, and 0.015 mmol of Mo0 2 (acac) 2 in 15 ml of methanol. 
After the solvent (i.e., methanol) dries, the remaining resist 

20 is lifted off, revealing an array of isolated catalyst islands 
13 on the substrate 11, as shown in FIG. IB. The catalyst- 
patterned substrate is then heated in a tube furnace to above 
900 °C while exposed to a flow of methane. Heating decomposes 
Fe(N0 3 ) 3 to Fe 2 0 3 . The Fe^/nanoparticles mixture is capable of 

25 catalyzing the growth of carbon nanotubes when exposed to 
methane gas at elevated temperatures. The carbon nanotubes 
thus grown are predominantly individually distinct, single- 
walled nanotubes with few structural defects. FIG. 1C shows 
these nanotubes 14 emanated from the catalyst islands 13 on the 

30 substrate 11. They are found to be substantially straight, 
typically extending up to more than 10 microns in length with 
diameters ranging from 1-3 nanometers. Moreover, a number of 
the nanotubes are bridging adjacent islands. A nanotube bridge 
forms when a tube growing from one catalyst island falls on and 

6 
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interacts with another island during the synthesis process as 
described. 

In general, the substrate can be made of a material selected 
5 from a group consisting of silicon, alumina, quartz, silica and 
silicon nitride. The catalyst islands comprise a material 
selected from a group including iron, molybdenum, cobalt, 
nickel, ruthenium, zinc and oxides thereof. The nanotubes can 
be semiconducting, or metallic. 

10 

In addition to carbon, nanotubes made of other materials (e.g., 
silicon) can also be grown by following a synthesis process 
similar to what is described above. Those skilled in the art 
will be able to implement the corresponding synthesis 
15 procedures . 

The nanotube chip thus produced can be incorporated into a 
variety of electronic and mechanical devices. A device 
comprising a single nanotube can also be readily made. Using 

20 an AFM (atomic force microscopy) tip, the nanotubes bridging 
two catalyst islands are cut mechanically or electrically until 
a single tube remains. Electron-beam lithography is then 
employed to deposit metal electrodes onto the two catalyst 
islands bridged by the nanotube. The electrodes are typically 

25 made of an alloy of nickel-gold, ' or titanium-gold. For example, 
they can be 20 nanometers of nickel with 60 nanometers gold on 
top. These electrodes provide electrical connections between 
the nanotube and macroscopic electronic circuits. FIG. 2 shows 
an exemplary embodiment of a nanotube device comprising a 

30 single nanotube 20 disposed between two catalyst islands 21 on 
a substrate 22 . Two metal electrodes 23 are made to fully 
cover respective catalyst islands 21, including the two ends 24 
of the bridging nanotube 20. 
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FIGS. 3A-3B show a method for synthesizing a film of nanotubes 
on a substrate that is initially covered with a layer of 
catalyst according to a second embodiment of the present 
invention. First, a quartz substrate 30 is coated with a layer 
5 of catalyst 31 by spin-coating, as shown in FIG. 3A. The 
catalyst is typically prepared by mixing 15 mg of alumina 
nanoparticles, 0.05 mmol of Fe (N0 3 ) 3 9H 2 0, and 0.015 mmol of 
Mo0 2 (acac) 2 in 15 ml of methanol. The catalyst-covered 
substrate is then heated to above 900 °C in a flow of methane, 

10 yielding a film of interconnected single-walled carbon 
nanotubes 32 on the substrate, as shown in FIG. 3B. Two metal 
electrodes 33, each comprising 2 0 nanometers of titanium 
followed by 60 nanometer of gold, are then evaporated onto the 
nanotube film through a shadow mask, such that there is a 

15 metal-free gap forming between the two electrodes 33. Such a 
nanotube film device can be easily produced in a scaled-up 
fashion with low cost. 

The substrate in FIGS. 3A-3B is typically made of a material 
20 selected from a group consisting of silicon, alumina, quartz, 
silica and silicon nitride. The catalyst islands comprise a 
material selected from a group including iron, molybdenum, 
cobalt, nickel, ruthenium, zinc and oxides thereof. The 
nanotubes can be semiconducting, or metallic. The electrodes is 
.25 typically made of an alloy of nickel-gold, or titanium-gold. 

The nanotube devices described above can be further physically 
or chemically modified, so as to be tailored for a particular 
application. A semiconducting or metallic carbon nanotube 
30 exhibits inherent change in electrical conductance when exposed 
to certain chemical gases, resulted from adsorption of the gas 
particles on the. nanotube. More significantly, by depositing 
one or more sensing agents onto the nanotube, its sensitivity 
to a wide range of chemical and biological species can be 

8 
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achieved. The selectivity of the nanotube to chemical species 
can be also tuned by applying a gating voltage to the nanotube. 
The gating voltage effectively shifts the Fermi energy level of 
the nanotube, enabling the nanotube to be more responsive to a 
5 particular species. The embodiments described hereinafter 
demonstrate the functionality and versatility of' the novel 
nanotube devices of the present invention. 

FIG. 4 displays electrical responses of a device comprising a 
semiconducting single-walled carbon nanotube to various amounts 
of N0 2 and NH 3 gas, respectively. The gas sensing is carried 
out by enclosing the device in a glass flask. The flask is 
equipped with electrical feedthrough that makes electrical 
connections between the device and the electrical measurement 
circuits on the outside. It also permits a flow of gas. A 
carrier gas (e.g., Ar or air), diluted with N0 2 or NH 3 , then 
flows through the flask, while the electrical response of the 
nanotube is recorded. The device displays fast and significant 
response to the arrival of N0 2 and NH 3 , respectively. Moreover, 
after each gas sensing measurement, the electrical 
characteristics of the nanotube is able to fully recover in a 
flow of pure carrier gas over a period of several hours. 

FIG. 5 shows electrical response of a gold-decorated single 
25 nanotube to thiol vapor. Gold is deposited on the nanotube by 
evaporation. Since it does not wet carbon, the evaporated gold 
particles decorate, rather than forming a continuous layer on 
the nanotube. The observed response to thiol results from the 
presence of the gold particles in this case, since the carbon 
30 nanotube alone does not respond to thiol. Given that many 
biological molecules like to link themselves onto thiol, by 
attaching a layer of thiol to a gold-decorated nanotube, this 
composite system promises to be a versatile biological sensor. 
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FIG. 6 shows electrical responses of an as-grown nanotube film 
(mat) device and a PMMA (polymethylmethacrylate) -covered 
nanotube film (mat) device to N0 2 gas. The PMMA coating in the 
later case is typically about 100 nanometers thick, and its 
5 presence significantly improves the sensitivity and the 
response time of the nanotube device to N0 2 . 

FIG. 7A displays electrical response of a gold-decorated 
nanotube film device to thiol vapor, and FIG. 7B shows the 

10 detection of avidin (a protein) using a thiol-coated-gold- 
decorated film device. In this case, gold particles are first 
evaporated onto the nanotube film, followed by attaching a 
monolayer of thiol with carboxylic functional group to the gold 
particles. The presence of thiol modifies the electrical 

15 conductance of the nanotube device. When exposed to avidin, 
the carboxylic groups of the thiol molecules like to be linked 
to avidin molecules via carbodimide chemistry, giving rise to 
further change in electrical conductance of the nanotube film 
device. Note that in this case, the nanotube device operates 

20 in a liquid environment. 

FIG. 8 shows the detection of H 2 using a platinum-modified 
nanotube film device. Platinum particles are deposited onto and 
decorate the nanotubes film. It is their presence that enables 
25 the device to respond to H 2 molecules. 

Moreover, by attaching an enzyme to a nanotube or a nanotube 
film, the corresponding enzyme-coated nanotube device displays 
changes in its electrical conductance when exposed to glucose, 
30 and other biological species. This would have important 
implications in medicine. Sensing CO has also been achieved by 
using modified nanotube devices. 

10 
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In additional to the sensing agents described above, other 
metal particles (e.g., nickel, rhodium, palladium, , 2} 2 ) , 
polymers, and biological species can be used as sensing agents 
to modify the sensitivity of nano tubes to chemical and 
5 biological species . 

Clearly, the capabilities of the nanotube devices of the 
present invention as chemical and biological sensors are not 
merely limited to the exemplary embodiments described above. 
10 Furthermore, the nanotube devices of the present invention can 
be utilized as electrochemical, electromechanical and other 
functional devices . 

It is also apparent to those skilled in the art that the above 
15 embodiments ' of the present invention are illustrative in 
purpose and are in no way limiting the scope of the invention. 
Many alternations and improvements can be introduced to the 
above-described embodiments without going beyond the scope of 
the invention. Thus, the scope of the present invention should 
20 be determined, not by examples given, but by the appended 
claims and their legal equivalents. 
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CLAIMS 

What is claimed is: 



1 1 . A nanotube device comprising at least one nanotube, 

2 wherein a first end of said nanotube is in electrical 

3 contact with a first conducting element and a second end 

4 of said nanotube is in electrical contact with a second 

5 conducting element. 
6 

1 2 . The nanotube device of claim 1 wherein said nanotube is 

2 a carbon nanotube 
3 

1 3 . The nanotube device of claim 2 wherein said nanotube 

2 is a single-walled nanotube. 
3 

1 4. The nanotube device of claim 1 wherein said nanotube is 

2 a silicon nanotube 
3 

1 5. The nanotube device of claim 1 wherein said nanotube is 

2 semiconducting. 
3 

. 1 6. The nanotube device of claim 1 wherein said nanotube is 

2 metallic. 
3 

1 7. The nanotube device of claim 1 wherein said nanotude is 

2 disposed qn a surface. 
3 

1 8 . The nanotube device of claim 7 wherein said surface 

2 is a top surface of a substrate comprising a material 

3 selected from a group consisting of silicon, 

4 alumina, quartz, silica and silicon nitride. 
5 
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1 9 . The nanotube device of claim 8 wherein said 

2 substrate comprises doped silicon covered with a 

3 layer of native oxide. 
4 

1 10. The nanotube device of claim 1 wherein at least one of 

2 said conducting elements comprises a catalyst island 

3 covered by a metal electrode, and wherein at least one 

4 of said ends of said nanotube is rooted in said 

5 catalyst island and covered by said metal electrode. 
6 

1 11. The nanotube device of claim 10 wherein said catalyst 

2 island comprises a material selected from a group 

3 consisting of iron, molybdenum, cobalt, nickel, 

4 ruthenium, zinc and oxides thereof. 
5 

1 12 . The nanotube device of claim 10 wherein said catalyst 

2 island comprises Fe 2 0 3 and alumina nanoparticles . 
3 

1 13 . The nanotube device of claim 10 wherein said catalyst 

2 island is typically in the range of 3 - 5 microns in 

3 size. 
4 

1 14. The nanotube device of claim 10 wherein said metal 

2 electrode comprises an alloy of nickel-gold. 
3 

1 15. The nanotube device of claim 10 wherein said metal 

2 electrode comprises an alloy of titanium-gold. 
3 

1 16. The nanotube device of claim 1 wherein at least one of 

2 said conducting elements comprises a metal pad covering 

3 at least one of said ends of said nanotube. 
4 

1 17 . The nanotube device of claim 16 wherein said metal 

2 v pad comprises a material selected from the group 
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3 consisting of titanium, gold, aluminum, chromium, and 

4 platinum. 
5 

1 18. The nanotube device of claim 1 further comprises one or 

2 more sensing agents attached to said nanotube. 
3 

1 19. A nanotube apparatus comprising: 

2 a) a nanotube film, having a first side and a second 

3 side; and 

4 b) two metal electrodes placed on said first side and 

5 said second side of said nanotube film. 
6 

1 20. The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises interconnected carbon nanotubes. 
3 

1 21. The nanotube apparatus of claim 20 wherein said 

2 nanotube film comprises interconnected single-walled 

3 nanotubes . 
4 

1 22 . The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises interconnected silicon nanotubes. 
3 

1 23. The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises semiconducting nanotubes. 
3 

1 24. The nanotube apparatus of claim 19 wherein said nanotube 

2 film comprises metallic nanotubes. 
3 

1 25. The nanotube apparatus of claim 19 wherein said nanotube 

2 film is disposed on a top surface of a substrate. 
3 

1 26. The nanotube apparatus of claim 25 wherein said 

2 substrate comprises a material selected from a group 
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3 consisting of silicon, alumina, quartz, silica and 

4 silicon nitride. 
5 

1 27. The nanotube apparatus of claim 2 6 wherein said 

2 substrate further comprises a catalyst layer on 

3 its top surface. 
4 

1 28. The nanotube apparatus of claim 27 wherein said 

2 catalyst layer comprises a material selected 

3 from a group consisting of iron, molybdenum, 

4 cobalt, nickel, ruthenium, zinc and oxides 

5 thereof. 
6 

1 29. The nanotube apparatus of claim 27 wherein said 

2 catalyst layer comprises Fe 2 0 3 and alumina 

3 nanoparticles . 
4 

1 30. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes comprise an alloy of nickel-gold. 
3 

1 31. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes comprise an alloy of titantium-gold. 
3 

1 32. The nanotube apparatus of claim 19 wherein said metal 

2 electrodes are typically about 1-100 microns apart. 
3 

1 33. The nanotube apparatus of claim 19 further comprises 

2 one or more sensing agents attached to said nanotube 

3 film. 
4 

1 34. A molecular sensor comprising: 

2 a ) a nanotube device comprising at least one carbon 

3 nanotube, wherein a first end of said nanotube is in 

4 electrical contact with a first conducting element 
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5 and a second end of said nanotube is in electrical 

6 contact with a second conducting element; and 

7 b) a coating of one or more sensing agents deposited on 

8 said nanotube; 

9 wherein said sensing agents are so chosen such that the 

10 agents-coated nanotube responds to a particular molecular 

11 species, 
12 

1 35. The molecular sensor of claim 34 wherein said one or 

2 more sensing agents comprise one or more materials 

3 selected from the group consisting of metal particles, 

4 polymers, and biological species. 
5 

1 36. The molecular sensor of claim 35 wherein said group 

2 includes gold, platinum, nickel, rhodium, palladium, 

3 Ti0 2 , thiol, and enzymes. 
4 

1 37 . The molecular sensor of claim 34 wherein said nanotube 

2 is semiconducting. 
3 

1 38. The molecular sensor of claim 37 further comprising a 

2 voltage source applying a gating voltage to said 

3 nanotube, wherein said gating voltage is so chosen 

4 such that said nanotube biased with said gating 

5 voltage responds to a particular molecular species. 
6 

1 39. The molecular sensor of claim 3 8 wherein said 

2 gating voltage is typically in the range of -20 to 

3 20 Volts. 
4 

1 40. A method of making a device comprising at least one carbon 

2 nanotube, comprising the steps of: 

3 a) disposing a layer of resist on a top surface of a 

4 substrate; 
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5 b) patterning said resist with holes ■ that expose the 

6 underlying substrate; 

7 c) filling said holes with a catalyst material; 

8 d) removing a remainder of said resist, whereby an array 

9 of catalyst islands are disposed on said substrate; 

10 e) exposing said catalyst islands to a hydrocarbon gas 

11 at an elevated temperature, such that individual 

12 carbon nanotubes emanate from said catalyst islands 

13 and a number of said nanotubes bridge adjacent 

14 catalyst islands; 

15 f ) breaking all but one nanotube bridging two of said 

16 adjacent catalyst islands; and 

17 g) depositing metal electrodes onto said two of said 

18 adjacent catalyst islands, such that said metal 

19 electrodes fully cover said two of said adjacent 

20 catalyst islands and further extend over first and 

21 second ends of said one nanotube that are rooted in 

22 said two of said adjacent catalyst islands. 
23 

1 41. The method of claim 40 wherein said substrate comprises 

2 a material selected from a group consisting of silicon, 

3 alumina, quartz, silica and silicon nitride. 
4 

1 42. The method of claim 40 wherein said catalyst islands 

2 comprise a material selected from a group consisting of 

3 iron, molybdenum, cobalt, nickel, ruthenium, zinc and 

4 oxides thereof. 
5 

1 43 . The method of claim 40 wherein said catalyst islands 

2 comprises Fe 2 0 3 and alumina nanoparticles . 
3 

1 4-4 . The method of claim 40 wherein said catalyst islands 

2 are typically in the range of 3-5 microns in size. 
3 
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1 45. The method of claim 40 wherein said catalyst islands 

2 are typically about 10 microns apart. 
3 

1 46. The method of claim 40 wherein said metal electrodes 

2 comprise an alloy of nickel-gold. 
3 

1 47. The method of claim 40 wherein said metal electrodes 

2 comprise an alloy of titanium-gold. 
3 

1 48. The method of claim 40 wherein said hydrocarbon gas 

2 contains methane. 
3 

1 49. The method of claim 40 wherein said elevated 

2 temperature is above 900 "C. 
3 

1 50. The method of claim 40 wherein said nanotube is a 

2 single-walled carbon nanotube. 
3 

1 51. The method of claim 40 wherein said nanotube is 

2 typically up to 3 nanometers in diameter. 
3 

1 52. The method of claim 40 wherein said nanotube is 

2 typically up tens of microns in length. 
3 

1 53. The method of claim 40 wherein said nanotube is 

2 semiconducting. 
3 

1 54. The method of claim 40 further comprising applying a 

2 gating voltage to said nanotube, such that said 

3 nanotube biased with said gating voltage responds to a 

4 particular molecular species. 
5 

1 55. The method of claim 55 wherein said gating voltage is 

2 typically in the range of -20 to 20 Volts. 
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56. The method of claim 40 wherein said nanotube is 
metallic. 

57. The method of claim 40 further comprising coating said 
nanotube with one or more sensing agents, such that the 
agents-coated nanotube responds to ' a particular 
molecular species . 

58. The method of claim 57 wherein said one or more 
sensing , agents comprise one or more materials 
selected from the group consisting of metal 
particles, polymers, and biological species. 

59. The method of claim 58 wherein said group includes 
gold, platium, nickel, rhodium, palladium, Ti0 2 , 
thiol, and enzymes. 

60. A method for making an apparatus comprising a carbon 
nanotube film, comprising the steps of: 

a) coating a top surface of a substrate with a catalyst 
layer; 

b ) exposing said catalyst-coated substrate to a 
hydrocarbon gas at an elevated temperature, such that 
a nanotube film comprising interconnected carbon 
nanotubes is formed; and 

c) deposing two metal electrodes on a first side and a 
second side of said nanotube film. 

61. The method of claim 60 wherein said substrate comprises 
a material selected from a group consisting of silicon, 
alumina, quartz, silica and silicon nitride. 
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1 62. The method of claim 60 wherein said catalyst layer 

2 comprises a material selected from a group consisting 

3 of iron, molybdenum, cobalt, nickel, ruthenium, zinc 

4 and oxides thereof. 
5 

1 63 . The method of claim 60 wherein said catalyst layer 

2 comprises Fe 2 0 3 and alumina nanoparticles . 
3 

1 64. The method of claim 60 wherein said metal electrodes 

2 comprise an alloy of nickel-gold. 
3 

1 65. The method of claim 60 wherein said metal electrodes 

2 comprise an alloy of titanium-gold. 
3 

1 66. The method of claim 60 wherein said metal electrodes 

2 are typically about 1 - 100 microns apart. 
3 

1 67. The method of claim 60 wherein said hydrocarbon gas 

2 contains methane. 
3 

1 68. The method of claim 60 wherein said elevated 

2 temperature is above 900 °C. 
3 

1 69. The method of claim 60 wherein said nanotube film 

2 comprises interconnected single-walled carbon 

3 nano tubes . 
4 

1 70. The method of claim 60 wherein said nanotube film 

2 comprises semiconducting nano tube s . 
3 

1 71. The method of claim 60 wherein said nanotube film 

2 comprises metallic nanotubes. 
3 
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1 72 . The method of claim 60 further comprising coating said 

2 nanotube film with one or more sensing agents, such 

3 that the agents-coated nanotube film responds to a 

4 particular molecular species . 

1 73. The method of claim 72 wherein said one or more 

.2 sensing agents comprise one or more materials 

3 selected from the group consisting of metal 

4 particles, polymers, and biological species. 
5 

1 74. The method of claim 73 wherein said group includes 

2 gold, platinum, nickel, rhodium, palladium, Ti0 2 , 

3 thiol., and enzymes. 
4 

1 75. A sensing method comprising the steps of: 

2 a) disposing a molecular sensor comprising at least one 

3 carbon nanotube inside an enclosure, wherein a first 

4 end of said nanotube is in electrical contact with a 

5 first conducting element and a second end of said 

6 nanotube is in electrical contact with a second 

7 conducting element; 

8 b) connecting said first and second conducting elements 

9 to an electrical measurement circuit; and 

10 c) introducing a molecular species to said enclosure, 

11 while monitoring an electrical response of said 

12 molecular sensor. 
13 

1 76. The sensing method of claim 75 wherein said molecular 

2 species comprises a gas. 
3 

1 77. The sensing method of claim 75 wherein said molecular 

2 species comprises a liquid. 
3 
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1 78. The sensing method of 75 wherein said nanotube is 

2 deposited with one or more sensing agents so to enable 

3 said nanotube to respond to said molecular species. 
4 

1 79. The sensing method of 75 wherein said nanotube . is 

2 semiconducting, and wherein said nanotube is biased 

3 with a gating voltage so to enable said nanotube to 

4 respond to said molecular species. 
5 
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